Introduction
Over the past twenty years, the screen printing of electrodes and sensors has emerged as a major branch of electrochemical research, with hundreds of documents being published which refer to the technique or which claim to apply it in a novel way [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . During the same period, numerous screen-printing techniques have also been adapted for electronic circuit fabrication, and today these form an essential part of a multi-billion dollar industry.
The great driving force for these historical advances has been the realization that screen printing can be much cheaper to implement than traditional methods of manufacturing. Given this insight, and the continuing need for miniaturization of advanced electronics, the time is perhaps ripe to take stock of these developments, and to collate some of the fundamental science behind this revolution in print technology. As a small contribution towards this goal, I
here review certain physical and chemical aspects of the screen printing process relevant to the manufacture of carbon electrodes.
Screen printing provides the possibility of manufacturing large numbers of carbon electrodes in a reproducible, low-cost, and disposable format. It also permits the incorporation of chemically functionalized materials in a straightforward way. Currently, screen-printed carbon electrodes find application in many areas of electrochemistry, but most notably in chemical and biochemical sensing, energy conversion and storage, and microelectronics.
They also find application in flexible electronics, which is a rapidly-developing technology for printing electronic devices directly onto flexible plastic substrates, such as polycarbonate, polyimide, and PEEK. Almost all forms of carbon have been deposited by screen printing, with graphite, carbon black and activated carbon being the most widely used. Other forms of carbon that are the subject of continuing interest include carbon nanotubes, carbon nanofibres, and graphene.
The screen-printing process has three principal advantages over other methods of electrode manufacture. Firstly, the electrode area, electrode thickness, and electrode composition are readily controlled. Secondly, statistical validation of experimental results is made possible by the existence of replicate electrodes. Thirdly, catalysts can be incorporated simply by adding them to the screen-printing ink (paste). The main disadvantage of screen printing is that it is restricted to flat substrates.
For electrochemical purposes, the chemical composition of the ink is paramount. Three components are absolutely essential: a conducting filler, a non-conducting binder, and a volatile solvent. After the ink is printed, the volatile solvent evaporates, leaving behind the conducting filler cemented into the binder. This process is known as "curing". During curing, the binder may simply precipitate from solution, or it may polymerize depending on its composition. Because some solvent residue inevitably contaminates the final product, the first rule of ink formulation is to ensure that the solvent is electrochemically inactive over a wide range of electrode potential (i.e. has a wide "electrochemical stability window"). The solvent must also be free of non-volatile impurities. Preferably, it should also be non-toxic.
The ideal finished product of the screen-printing process is a solid composite system consisting of small particles of conducting filler (such as particulate graphite) uniformly dispersed inside an inert binder (such as a sigma-bonded polymer). Within the bulk of the composite, each particle of conducting filler must be physically located within electron tunnelling distance of its neighbour (~1.4 nm) otherwise it will not contribute to the longrange conductivity of the total electrode. To ensure this latter criterion is met, very high volume fractions of conducting filler must be incorporated inside the composite (>64% for random close packing of spherical particles of the same size) [14, 15] , and of course the spatial dispersion of the filler particles should be as statistically homogeneous as possible.
The detailed relationship between the bulk conductivity of composites and their threedimensional structure is the province of Percolation Theory [16] . According to the latter, smaller volume fractions of conducting filler can be tolerated if the filler consists of nonspherical particles such as platelets or long thread-like chains.
Conductivity of Composites
In order to enhance the conductivity of printed electrodes, ink slurries are commonly pulverized in ball mills. This process creates very small particles of conducting carbon known as "fines" (1-100 nm diameter) which, after printing, bridge the electron tunnelling gaps between the larger particles. However, since milling always causes some attrition of the mill surface, the mill interior should be made of agate (a cryptocrystalline variety of silica), rather than stainless steel, in order to prevent the introduction of trace amounts of iron and chromium. An alternative method of enhancing the conductivity of printed electrodes is to add small quantities of carbon black to the test ink (typically 5-15% by weight of solids, depending on micromorphology) [17] . Carbon black is the generic name for a family of small-particle carbon powders which are formed in the gas phase by thermal decomposition of hydrocarbons. Carbon blacks are commercially available in a wide variety of grades, which differ in the size and shape of their particles and the chain-length of their aggregates. Different grades may also have different degrees of compaction.
When carbon black is used in the laboratory, it must be handled with great care because of its potentially adverse effects on human health. The safest type of carbon black is acetylene black. This consists of graphitized particles, usually between 8 nm and 80 nm diameter, aggregated into long chains, having a specific surface area of ~60 m 2 /g. After printing, the long chains lower the percolation threshold of the conductivity network without introducing toxic impurities. More hazardous types of carbon black are furnace blacks which contain carcinogenic compounds such as polycyclic aromatic hydrocarbons (PAHs), and thermal blacks which contain aggregates in the size range 1-5 µm which may become trapped in human lungs. Regardless of provenance, however, inhalation of all carbon blacks should be strictly avoided.
Carbon Polymorphs
Just after the Second World War, Rosalind Franklin famously classified carbons as either "graphitizing" or "non-graphitizing", depending on their ability to form graphite in response to high-temperature heat treatment [18] . By means of x-ray diffraction, she observed that graphitizing carbons had very few sp 3 
Oxygen Functionalities
Carbon forms two different types of covalent bond with oxygen. A carbon-oxygen single bond contains one sigma bond and no pi bonds, whereas a carbon-oxygen double bond contains one sigma bond and one pi bond. The pure sigma-bond motif is found in C-OH groups (as seen in phenols) while the mixed sigma/pi motif is found in C=O groups (as seen in carbonyls and quinones). Thus, the oxygen atoms in C-OH groups are sp 3 hybridized, whereas the oxygen atoms in C=O groups are sp 2 hybridized.
Some oxygen functionalities are redox active, such as carbonyl and quinone. Others respond to pH, such as carboxylate (aqueous pK a ~4) and phenolic-hydroxide (aqueous pK a ~10). Yet others are comparatively inert, such as lactone and ether. In all cases, however, oxygen functionalities occur more frequently on edge planes than basal planes, due to the termination of the graphitic lattice there. In the carbon industry, it has long been recognized that the hydrophilicity of carbon surfaces can be enhanced by the introduction of oxygen functionalities. Similarly, the wettability of pores inside bulk carbon can be improved by internal oxidation. The explanation of both effects is that oxygen atoms behave as negatively charged loci for hydrogen bonding to water molecules.
Oxygen functionalities are notoriously difficult to remove. To a first approximation, the C-OH functionality has a carbon-oxygen bond strength of ~350 kJ/mol, while the C=O functionality has a carbon-oxygen bond strength of ~745 kJ/mol. These values are very high, and they prevent the pyrolytic elimination of carboxylate groups until T > 600 °C, and the pyrolytic elimination of quinone groups until T > 1000 °C.
Activated Carbons
Historically, almost all forms of carbon have been used in the screen-printing process. In Although they are widely available as components of complex commercial products, thermosetting binders are difficult to obtain pure. For example, acrylic-melamine formulations almost always contain mixtures of industrial solvents as diluents (such as 2-heptanone and n-butanol), and they may also contain proprietary dispersing and wetting agents. Similarly, epoxy resin formulations commonly contain industrial xylene and/or methyl isobutyl ketone as diluents, plus silicones and wetting agents. Plasticizers such as dioctyl phthalate are also widely used to decrease viscosity, despite being suspected endocrine disruptors. The many and various consequences of including these ingredients should be carefully considered before scientific use. It should also be noted that the maximum operating temperature of epoxy-based carbon electrodes is 120 °C. Their surfaces also swell in small-molecule organic solvents.
Among thermoplastic binders, polyvinylidene fluoride (PVDF) is probably the most widelyused. It is a partially fluorinated polymer produced by the polymerization of 1,1-difluoroethylene, and typically has a molecular weight in the range 180,000 to 550,000 Da.
Commercially, PVDF is synthesized by two different routes: emulsion polymerisation and suspension polymerisation, with the emulsion-polymerized PVDF having the smaller particle size. Hence it is easier to dissolve. The customary solvent for PVDF is N-methyl-2-pyrrolidone (NMP). After printing and curing, PVDF-bound electrodes are resistant to many room-temperature solvents, acids and bases. In recent years, PVDF has also emerged as the industry standard binder in lithium ion batteries, partly because its high molecular weight improves the adhesion of electrode components.
Polycarbonate is another binder used in screen-printing formulations. It typically has a molecular weight in the range 20,000 to 200,000 Da and is attractive because it can undergo large plastic deformations without cracking or breaking. Unfortunately, it also contains potentially harmful traces of bisphenol-A. Complicating matters still further, the standard solvent for polycarbonate is solvent-naphtha, which contains a complex mixture of aromatic hydrocarbons. Fortunately, solvent-naphtha can be replaced by 1,2,4-trimethylbenzene when high purity is required. Poly(methyl methacrylate) (PMMA) and poly(styrene-co-methyl methacrylate) are practical alternatives to polycarbonate, but more brittle. They do not contain the potentially harmful bisphenol-A subunits found in polycarbonate, and can be dissolved in ethylene glycol diacetate (EGDA). The latter is a slow-evaporating biodegradable solvent (bp 190 °C) that is used in some commercial lacquers and enamels.
Polysulfone belongs to a lesser-known family of thermoplastic polymers that is able to function continuously at temperatures up to 160 °C. Commercial polysulfone has a molar mass of ~35,000 Da and a glass transition temperature of ~190 °C. This polymer is customarily dissolved in dimethylacetamide (DMAC) or butyrophenone, and finds use in carbon and silver inks. In addition, it has been recommended for use in electrochemical nanobiosensors [19] . Finally, ethyl cellulose is a derivative of cellulose in which some of the hydroxyl groups on the anhydro-glucose units have been converted into ethyl ether groups. It is practically insoluble in water, but dissolves in -terpineol (bp 217 °C). It is used in the manufacture of some gas sensors, and to form carbon catalyst layers in dye-sensitized solar cells [20] .
PVDF Properties
For general electrochemical measurements there are many powerful constraints on the choice of binder. In addition to supplying a strong adhesive bond to the conducting filler, and a strong cohesive bond inside itself, the binder must also be wettable by water (i.e. exhibit a contact angle < 90°). It should also have a wide electrochemical stability window, a high purity, and be insoluble in a wide range of common solvents. For all of these reasons, poly(vinylidene fluoride) (PVDF) is a good choice. It is a partially-fluorinated semicrystalline polymer with excellent electrochemical and thermo-mechanical properties. In particular, it is electrochemically stable in the range 0 to +5 V vs Li/Li + , it exhibits no thermal degradation below 300 °C, and its volume resistivity is ≥ 10 14 ohm cm.
To a first approximation, PVDF can be thought of as a bulk combination of two components, a high-density crystalline component and a low-density amorphous component. The observed density ( ) of a given specimen is then given by the formula 
PVDF Solubility
One of the paradoxes of screen printing is that the binder material must not dissolve in any of the common solvents used in electrochemistry, but must dissolve in at least one solvent to create the printing ink. This enigmatic requirement is actually met by PVDF. In principle, any of the solvents listed in Table 1 could be used to manufacture PVDF-based inks. However, because the curing of carbon inks typically takes place at T > 110°C (to ensure the removal of water and other volatile impurities) most of the listed solvents find themselves evaporating above their flash points. The flash point of a solvent is defined as the lowest temperature at which its equilibrium vapour will ignite in air. As a consequence, only propylene carbonate can be evaporated with complete thermal safety. Further advantages of propylene carbonate are that (i) it has a mild odour, (ii) it is not strongly hygroscopic, and (iii)
it is non-toxic by inhalation [26] . By contrast, the more widely used NMP has an amine-like odour, is strongly hygroscopic, and is a suspected human reproductive hazard [27] . As regards electrochemistry, the electrochemical stability window of propylene carbonate containing 0.1 M LiClO 4 as supporting electrolyte extends from -3.2 V to +2.6 V (vs Fc/Fc + ), which is highly attractive for general electrochemical purposes.
At room temperature, the rate of dissolution of semi-crystalline PVDF is slow in all known solvents, even though its glass transition temperature is −35 °C, and even though the free energy of mixing is negative. The reason for this reluctance to dissolve is the high density of the crystalline material, which kinetically hinders the ingress of solvent molecules. As a result, the solvent/PVDF mixture must be maintained at T > 60°C for at least three days to ensure that the dissolution of PVDF proceeds to completion. Lower temperatures and shorter dissolution times may result in the formation of gels. In gels, sub-micrometre remnants of the crystalline polymer remain undissolved [28] . To help avoid gel formation, the solvent should also be scrupulously dried, since a few percent of water can also cause gelling.
For laboratory use, each solvent in Table 1 can be dried inside a burette containing a mixture of thermally activated carbon and Type 3A molecular sieve. This not only removes trace impurities but also greatly diminishes the free water content (typically below 30 ppm after 24 hrs). Alternatively, if the solvents are badly contaminated with impurities, they should first be dried by molecular sieve, decanted, and then distilled under inert atmosphere prior to use.
[Warning: Never distil solvents to dryness.] PVDF powder can be dried at 110°C in a vacuum oven (2 mbar) for 24 hr before use.
Flexible Substrates
Flexible substrates for screen-printed electrodes must meet a range of demanding requirements, especially for display applications. Besides the most obvious requirementlow flexural rigidity -they also need high temperature stability, high solvent resistance, good optical clarity, micro-rough surface texture (±50 nm), and low cost.
In general, however, the most important requirement is low flexural rigidity (low bending stiffness) D (N·m 2 ). From an engineering perspective, this is related to the first power of the tensile modulus and the third power of the substrate thickness,
Here is the tensile modulus (Young's modulus, N/m 2 ), is the substrate width, ℎ is the substrate thickness, and is Poisson's ratio for the substrate material (0.3-0.5). In the absence of an exact value of the latter, it may be assumed to be ≈ 0. 
Screen-Printing Process
The screen printing process is actually a type of stencilling, in which the carbon ink is forced through the open regions of a mesh screen to form a pattern on a surface. When viewing the process for the first time, most people imagine that the entire image is deposited simultaneously. However, the mesh screen actually stops 1-2 mm above the substrate, and the two come into contact only when the edge of a poly(urethane) "doctor blade" [a corruption of ductor blade] sweeps over them. This prevents the screen and the substrate from sticking together. Figure 1 is a simplified representation of the screen-printing process. 
Screen Printing Materials
Screen printing uses mesh screens to support the ink prior to its extrusion onto the substrate. 
Figure 2. Mesh and mask geometry
In practice there is a limit to layer thickness (and hence mask thickness) determined by the tendency of thick layers to crack during drying. At the other extreme, very thin layers tend to have high electrical resistance. After use, most screens can be safely cleaned with volatile esters (butyl acetate, ethyl acetate) or ketones (methyl isobutyl ketone, methyl ethyl ketone).
Ink Flow
From a colloid science point of view, carbon inks are two-phase gels. They consist of structured networks of solid particles thoroughly permeated by a polymer solution. As twophase gels, they behave as classic non-Newtonian fluids, and commonly exhibit a decreased viscosity upon the application of a finite shear stress (thixotropy). The original viscosity is restored only after the shear stress is removed. Although thixotropy is a nuisance in many industrial processes, screen printing actually requires inks to be thixotropic. The reason for this is as follows. When first placed on the mesh screen, the ink must be so viscous that it remains immobile. Then, as the doctor blade passes over it, it must become so non-viscous that thousands of tiny droplets of ink extrude through the mesh and spread over the substrate.
Finally, after the droplets have coalesced, the viscosity of the ink must rise again, in order to preserve the shape of the transferred image.
Because screen-printing inks are thixotropic, they have a natural tendency to gel during storage. In most cases this can be rectified by stirring (though not so vigorously that air bubbles are introduced). The optimum ink viscosity at the start of the screen-printing process depends on the design parameters of the screen printer, but is generally about 10 3 poise ( = 10 5 mPa s). Note, however, that an initial viscosity of this magnitude is no guarantee that a particular ink will print well, because it may not be shear-thinning enough to pass through the screen [31] . At a shear rate () of 10 s −1 (typical for a carbon ink passing through a steel mesh screen) the viscosity should fall to about 10 poise ( = 10 3 mPa s).
Substrate Wetting
In order for a solvent to wet a substrate, its surface energy (surface tension) must be lower than that of the substrate. Since many common substrates such as polyester, polyimide, and polyacrylate all have surface energy values around 45 dynes/cm, screen-printing solvents are normally chosen to have surface tension values around 40 dynes/cm. In this context, it should be noted that some common laboratory lubricants, such as silicone oils, have ultra-low surface energy values (< 22 dynes/cm) which means they will impair screen-printing quality if they contaminate a substrate.
The achievement of proper wetting is particularly problematic. There are only two ways of overcoming the failure of an ink to wet a substrate. One is to increase the surface energy of the substrate; the other is to decrease the surface energy of the ink. The surface energy of a substrate may be increased by oxygen plasma treatment to introduce polar functionalities.
Alternatively, the surface energy of the ink may be decreased by the addition of surfactants.
However, surfactants are a nuisance in many electrochemical systems. They aggregate in solution, adsorb at interfaces, and inhibit some electron transfer reactions. Indeed, the presence of surfactants in many commercial inks is a serious problem that is often overlooked by academic researchers. For biomedical applications, it should also be noted that some surfactants are endocrine disruptors, and therefore are not approved by the U.S. Food and Drug Administration (FDA).
The ability of an ink to resist detachment after deposition is known as "tack". Tack is influenced by many different factors, both intrinsic and extrinsic. Intrinsic factors include (i) the surface energies of ink and substrate, (ii) the viscoelasticity (cohesive strength) of the ink, and (iii) the surface roughness of the substrate. Extrinsic factors include (iv) the printing force, (v) the contact time, and (vi) the ambient temperature.
Tack is quantifiable as the work per unit area needed to dis-bond an ink immediately after adhesion. This is given by the formula
where is the geometrical contact area, is the tensile force applied to the dis-bonding process, and is the rate of separation. The work (also known as the "adhesive failure energy") was originally developed by Gent, Kinloch, and Andrews [32] [33] [34] to quantify the strengths of adhesives. Good tack is important in the screen printing process because inks must resist pull-away as the mesh screen relaxes. On the nanometre scale, tack is generated in a patch-wise manner by the formation of multiple molecular contacts between the polymer binder and the substrate. Unsurprisingly, therefore, the greater is the contact time, the greater is the number and size of adhesive patches, and the better the resulting tack.
Binder Percentage
Both laboratory experiments and computer simulations have shown that the random close packing of equally-sized, spherically-shaped, particles occupies a volume percentage of 64%.
It follows that, if we want to eliminate porosity in such a system, then we must fill the remaining 36% of space (the "dead volume") with an inert binder. In contrast, if we want to retain some porosity, then a certain fraction of the dead volume must be kept free of binder.
Based on a 50/50 compromise between electrode cohesion and solution access, one may therefore reasonably conjecture that the volume percentage of inert binder should be circa 18%, and indeed this is a good starting point in the laboratory development of porous electrodes from equally-sized, spherically-shaped, particles.
Of course, lower volume percentages of inert binder can be used if some of the dead volume is packed with smaller particles of the conducting material (fines). Indeed, if the fines are equally-sized among themselves, then the revised dead volume falls to 13% (i.e. 36% of 36%) and the volume percentage of inert binder that is needed to create a functioning porous electrode falls to 6.5%. At the other extreme, a volume percentage of binder higher than 18% could conceivably be used, but this would also increase the electrical resistance of the electrode.
Multi-layered Electrodes
The basic elements of a multi-layered electrode are shown in Figure 3 . Each part has its own design specification, depending on end use. First, electrode materials have to withstand both oxidizing and reducing conditions. Second, total electrode resistance should be below 10 Ω to minimise errors associated with IR drop. Third, electrodes must have electroactive areas which are reproducible within 5% coefficient of variation. Fourth, during manufacture, all materials must withstand repetitive thermal cycling to T > 110°C. Fifth, all the electrode materials must be mutually adhesive. Sixth, there has to be a complete absence of electroactive impurities.
Figure 3. The basic elements of a multi-layered electrode
In addition to the above criteria, an insulator may be used to mask the final electrode layer and to define the size of the geometric area exposed to the solution. This insulator must be viscous enough not to creep (in order to create a well-defined electrode area) yet it must flow evenly under the pressure of the doctor blade to ensure good coverage. It must also be very pure. Preferably, it should also have a thermal expansion coefficient close to that of the printed ink, to prevent dis-bonding of the printed layers.
IR Drop
The electrical resistance of printed carbon electrodes made from standard commercial inks is about 50 ohms per cm, for a one-centimetre-wide strip. Since practical test cells typically require a contact strip at least 5 cm long, this implies an IR drop of circa 250 mV for a 1 mA current. For voltammetric work this is completely unacceptable. To overcome this problem a well-conducting silver layer is usually printed underneath the active layer. This decreases the total resistance to below 0.5 ohms per cm, but makes it necessary to block the unwanted electrochemistry associated with the silver surface. This latter is readily achieved by overprinting the silver layer with a layer of non-porous graphite secured with an epoxy binder. A scanning electron microscope image of a cross-section of an electrode of this type is shown in Fig. 4 . 
Areal Capacitance
The areal capacitance of carbon electrodes depends strongly on carbon type. Graphite is the simplest case to consider, because it lacks surface functionalities. In this special case, the areal capacitance may be represented, to a first approximation, as the weighted sum total = ̂b asal + (1 − )̂e dge where total is the total areal capacitance, and ̂b asal and ̂e dge are the areal capacitance components of the basal plane and the edge plane respectively. Rough estimates, in strong electrolyte solutions, are ̂b asal = 2 µF cm −2 , and ̂e dge = 70 µF cm −2 . (The idea that the capacitance of carbon can be decomposed in this way seems to have originated in the work of Randin and Yeager [35] , and Rice and McCreery [36] .)
By contrast, activated carbon, like glassy carbon, has multiple surface functionalities which vary with provenance and pre-treatment. Typically, these functionalities are oxygen-type and undergo reversible Faradaic reactions which manifest as a very large "pseudo-capacitive" component ̂p seudo ≈ 400 µF cm −2 in the total response. For some applications (e.g. supercapacitors) it is actually desirable to increase the pseudo-capacitive component.
However, because the surface coverage of oxygen functionalities is sterically restricted to ~25% by the need for them to be covalently attached to the carbon substrate, the maximum areal capacitance is ~100 µF cm −2 on a flat electrode surface, and is often only one fifth of that. For other applications, such as anodic stripping voltammetry on glassy carbon electrodes, functionality-free surfaces are preferred. These typically have areal capacitances in the range 2-10 µF cm −2 .
The origin of the high capacitance of edge plane carbon (70 µF cm −2 ) is somewhat mysterious, but may be due to a locally-enhanced population of charge carriers inside the lattice edges. On the other hand, the surprisingly low capacitance component of basal plane carbon (2 µF cm −2 ) is almost certainly due to the presence of a space charge capacitance ( SC )
in series with the capacitance in solution:
Equivalent Circuit
Recently, a new equivalent circuit was proposed for porous carbon electrodes (Fig. 5) .
Naively, one might suppose that this would involve multiple ladder networks in parallel, in order to model the response of multiple pores in parallel. However, the somewhat surprising result is that the circuit in Fig. 5 is able to capture the complete multi-pore behaviour [37] .
The equivalent circuit shown in Finally, it should be noted that the resistance of all graphitic carbons is generally insignificant compared with the resistance of their liquid-filled pores, so it is the liquid-filled pores that determine the RC time constants in the system. For example, the room-temperature conductivity of activated carbon is about 0.06×10 3 S/cm, whereas the room-temperature conductivity of aqueous sulfuric acid at its conductivity maximum (31 wt %) is 830×10 −3 S/cm. Hence, even in this extreme case, the pore channels containing sulfuric acid are more resistive than the pore walls by a factor of circa 70. The ratio is even more extreme in the case of organic solvents and ionic liquids.
